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ABSTRACT  Intracellular  recordings  of  the  negative  after-potential  that 
follows  a  train  of impulses in frog muscle  are  described.  It is  postulated  that 
the  cause  of this  after-potential  is  an  accumulation  of potassium,  during  the 
train,  in  an  intermediary space  that  is  located  between  the  major  portion  of 
the  sarcoplasm  and  the  external  fluid.  The  decline  of  the  after-potential  is 
then  produced  by  the  exchange  of  potassium  from  the  intermediary  space 
with sodium from the external fluid. 
INTRODUCTION 
The first  part of this  paper is a description  of  a negative (or depolarizing) 
after-potential  that  persists  after  a train  of impulses in frog  muscle fibers. 
This after-potential  decays more  slowly than  the negative after-potential 
that follows a single  impulse and generally  is not large  enough to attract 
attention unless  the train  of impulses is of sufficiently  high frequency and 
long duration. It will  be referred  to as the late  alto-potential  in this  paper in 
order  to  distinguish  it  from the  after-potential  that  follows  one impulse,  which 
will  be referred  to as the earl~  alter-potential.  The most recent  reference  to the 
late  after-potential  known to  us is  that  of  Young (1941).  He reviewed earlier 
studies,  all of which employed extracellular  recording. 
The second  part  of  the  paper  is  an  attempt  to  explain  the  late  after-potential 
by means of  the theoretical  three compartment model that  was proposed by 
Adrian and Freygang (1962 a, b). Compartment  I  of  the model is the fluid 
in which the muscle is  immersed and compartment 3 is  the major portion of 
the sarcoplasm of  a fiber.  An intermediary space,  which may be the "special 
region" postulated by Hodgkin and Horowicz (1960),  is  referred  to as com- 
partment 2. lonic  currents  may flow directly  between compartments 1  and 3, 
or between 1 and 3 via compartment 2. Fig. 6 is a diagram of  the model. A 
more detailed  description  follows  in the theoretical  section.  The model was 
9e9 
The Journal of General Physiology93o  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  4:7  •  1964 
devised  to  explain  the  experimental  variations  in  membrane  potential  of 
muscle fibers that were observed during uniformly applied membrane cur- 
rents. The muscles were immersed in a variety of solutions in the experiments 
of Adrian  and  Freygang.  The  Permeability constants for  two  of the  three 
membranes  that  separate  the  three  compartments of the  model  were  cal- 
culated from the experimental results.  It was of interest to see how well cal- 
culations  with  the  equations  of the  model  corresponded  to  the  late  after- 
potential if it were assumed that during the train of impulses the concentration 
of potassium in compartment 2  of the model was raised.  It turned out that 
the fit is reasonably close.  In  addition, similar calculations partially repro- 
duced  the  experimental  finding of Hodgkin  and  Horowicz  (1960)  that  a 
sudden fall in the external potassium concentration produced a slower change 
in membrane potential than that produced by a  sudden rise in external po- 
tassium concentration.  The  point  of interest  is  that  the  model  which was 
devised to reproduce one kind of experimental result is able to approximate 
the results of two other kinds of experiments. 
A preliminary account of part of this work has appeared (Hellam, Goldstein, 
and Freygang, 1963). 
METHODS 
All the experiments were done on the sartorius  muscle of Rana pipiens  at room tem- 
perature, which was 22°C. The experimental arrangement and recording apparatus 
were  similar to  those  described  by Adrian and  Freygang (1962 a).  Muscles  were 
stretched to 11/~ times their slack length in order to reduce movement. 
Micropipettes with flexible junctions 1 to 2 mm from the tips were made by the 
method of Vaughan Williams (1959), with some modifications,  in order to prevent 
dislocation of the pipette during twitches.  "Estane 58013,"  a  polyurethane manu- 
factured by the B. F. Goodrich Chemical Company, was dissolved in tetrahydrofuran 
stabilized  with 0.1  per  cent hydroquinone as  manufactured by Eastman  Organic 
Chemical Company. The taper of the pipette was  coated with this solution for a 
length of 3 mm from the tip, which was left uncoated. After being coated, the pipettes 
were reimmersed in 3 u  KC1 until the polyurethane had become like rubber.  The 
tip of the micropipette was  bent  by fine dissecting  forceps,  while the  pipette was 
immersed in the KC1 solution, until the glass snapped about 1 to 2 mm from the tip. 
It is our impression  that breaking the pipettes  in air damaged their tips.  The two 
parts were held together by the polyurethane sleeve. The breaking of the shaft of 
the pipette near its tip was done by hand under a dissecting microscope.  Scoring of 
the glass prior to breaking it proved to be superfluous. A second coat of polyurethane 
was applied to the region of the break to insure a watertight flexible junction. After 
this  procedure those  pipettes which had resistances  of  10  to  20  megohms and  tip 
potentials of less than 5 mv were selected for use in the experiments. 
The muscle  fibers  were stimulated electrically by means of two platinum wires 
100 u in diameter and 200 u apart, which were insulated to their tips with araldite. FREYOANG, GOLDSTEIN, AND  HELLAM  Late After-Potential in Muscle  931 
Stimuli were pulses of 30 #see. duration which were obtained from a stimulus isola- 
tion unit.  Only the fiber under study and sometimes a few nearby were stimulated. 
When the fibers were impaled by a second micropipette in order to pass a polarizing 
current  through  the membrane,  the second  pipette was within  ~,~ to  1 mm of the 
first  pipette.  Polarizing  currents  were  passed  through  a  resistance  of  109  ohms  in 
series  with  the  pipette  in  order  to  maintain  a  constant  current  flow through  the 
pipette. 
The Ringer's fluid had  the same composition as that  used by Adrian  and  Frey- 
gang  (1962  a), which is as follows: [K  +]  --  2.5,  [Na  +]  =  120, [Ca  ++]  --  1.8, [CI-] 
---- 121, [HPOu-]  =  2.15,  [H~POc]  --  0.85 all expressed in mvi. The half-chloride 
solution was made by mixing equal parts of Ringer's fluid and their solution D, the 
composition of which is as follows: [K  +]  -~  2.5,  [Na  +]  =  80,  [Ca  ++]  =  8,  [SO4--] 
--  48, [HPO~-]  =  1.04, [H~PO4-]  =  0.42, sucrose --  113 also all expressed in mu. 
The quarter-chloride  solution was made by mixing one part of Ringer's fluid with 
three parts  of their  solution D.  D-Tubocurarine chloride at a  concentration  of 10  -6 
~a was in all solutions. 
RESULTS 
Experiments on Muscle Fibers 
Tim  I~AaX AFaXR-I~OaXN~AI~ 
Fig.  1 illustrates  the  course of membrane  potential  during  and  after a  train 
of impulses.  The impulses occurred at  10 reset,  intervals.  The lower traces of 
each  part  of this  figure  show  the  action  potentials  and  decay  of the  early 
after-potential  that follows the last action potential  of each train.  Ishiko and 
Sato (1956), Buehthal and Sten-Knudsen  (1959), and Persson  (1963) showed 
that  the  summation  of early  after-potentials  is  small,  as  is  apparent  in  the 
lower traces in Fig.  1. 
The  upper  traces  of Fig.  1 are  at  higher  amplification  and  slower sweep 
speed than  the lower traces in order to display the late after-potential.  After 
the  last  impulse  of the  train  of action  potentials,  the  early  after-potential 
decays with the time constant of the membrane  (12 to 20 reset.). The depolari- 
zation  that  remains  after  the  decay  of the  early  after-potential  is  the  late 
after-potential.  Fig.  1 and  Table I  show that  the peak amplitude of the late 
after-potential  increased as the duration of the train was lengthened.  Usually 
the  peak  amplitude  increased  by about  1  mv  per  impulse  during  the  first 
eight  impulses  at  10  reset,  intervals,  but  was  less  for  subsequent  impulses. 
Both Fig.  1 and  the  half-times  in  Table  I,  the  time  to fall  from  6  to  3  my 
measured from the initial resting potential,  show that the number of impulses 
generated  by a  fiber, as well as the peak amplitude of the late after-potential 
that follows them,  do not influence the time course of the decline of the late 
after-potential.  The  variability  of the late  after-potentials  found  in  fibers of 932  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  47  "  I964 
different muscles as well as the variability between fibers of the same muscle 
is apparent  in Table  I.  For the fifteen fibers in Table I,  the mean  half-time 
is 994  4- 93 s•  msec. The distribution of half-times is nearly uniform over the 
range  of values.  The mean peak amplitude  of the late after-potential  for the 
eight fibers which responded to ten stimuli  10 msec. apart is 10.6 q- 0.7 s~ inv. 
The  initial  resting  potential  in  Table  I  refers  to  the  membrane  potential 
before each train  of stimuli.  These values were usually lower than  the mem- 
°t 
25 mv 
I00  mv 
I  sec. 
FIGURE I.  Relation between late after-potential and length of train. Muscle in Ringer's 
fluid. Impulses are 10 msec. apart. Time scale refers to upper traces. Gain 4 times greater 
for upper traces. Fiber  1 of muscle d (Table I). 
brane potential  that was measured on impalement  because there was almost 
always  some  loss  of resting  potential  during  each  train  of impulses.  After 
the resting potential had fallen, the strength of the stimulus could be reduced 
and  adjacent  fibers were not excited,  Movement  artifacts  could be reduced 
by this method.  It is likely that fibers with low threshold,  and therefore prob- 
ably those with  low resting  potentials,  were  selected  because they could  be 
stimulated without activating other fibers. The most obvious variation among 
the late after-potentials  of different fibers is in the time scale.  When the late 
after-potential  of each fiber is plotted  on  a  time scale so that  each half-time 
is  the  same distance  on  the  abscissa,  the  curves  are  much  more  alike.  This 
has  been  done  in  drawing  Fig.  2. FREYGANO,  GOLDSTEIN,  AND  HELLAM  Late After-Potential in Muscle  933 
THE LATE AFTER-POTENTIAL  AFTER  LONG  TRAINS OF IMPULSES; MOVEMENT 
ARTIFACTS 
Artifacts caused  by excessive muscle movement,  which dislodged the pipette, 
made it difficult to determine the peak amplitude and time course of the late 
after-potentials  that  followed trains of longer duration than  100 msec.  Most 
TABLE  I 
LATE  AFTER-POTENTIALS  OF  FIBERS  IN  RINGER'S  FLUID 
Loss of resting 
Muscle  Initial  resting  potential  during  Time  tO  fall 
reference  Fiber  No.  potential  train  No. of impulses  Peak amplitude  from  6  to  3  mv 
mo  mo  tnv  mSGC, 
a  1  --95  0.90  10  9.0  240 
b  1  --92  0.03  10  12.1  310 
--92  0.03  7  11.3  330 
c  1  --81  0.21  10  10.2  520 
--81  0.05  7  8.2  520 
--81  0.03  6  7.0  530 
c  2  --88  0.03  10  11.0  360 
--87  0.03  8  9.6  350 
c  3  --90  0.12  10  12.5  330 
--90  0.23  8  11.0  330 
--90  0.11  5  8.3  330 
c  4  --88  0.81  10  13.7  400 
--88  0.53  8  11.3  400 
--87  0.37  5  8.2  370 
d  1  --84  0.31  10  10.4  340 
--84  0.85  8  9.6  350 
--84  0.31  6  7.0  350 
e  I  --81  0.01  18  13.7  255 
--81  O. 15  I0  7.8  250 
e  2  --85  O. 79  20  13.2  260 
--85  0.13  11  9.4  225 
e  3  --82  0.03  20  13.9  190 
--81  0.50  11  9.6  215 
e  4  --87  0.63  20  13.5  190 
--93  0.58  11  8.3  225 
e  5  --83  0.05  19  17.3  210 
--83  0.74  11  14.6  195 
e  6  --81  0.65  40*  21.8  210 
--82  0.21  20  14.4  205 
f  1  --85  0.93  22*  12.7  330 
--85  0.78  19  13.0  280 
--85  0.16  11  9.9  320 
f  2  --81  0.46  36*  8.5  305 
--81  0.73  19  7.2  290 
294  mean  4-  23 sE  for  10 
msec.  intervals 
*  Impulses  at 5  msec.  intervals,  all others  at  10 msec.  intervals. 934  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME,  47  •  1964 
fibers showed  a  permanent  loss of resting  potential of more than  1 mv after 
such  long  trains.  Trains  of impulses  at  5  msec.  intervals  also  increased  the 
difficulties caused  by movement.  Movement generally dislodged  the  pipette 
completely, but sometimes the recorded resting potential was larger presum- 
ably because of better sealing of the hole in the membrane. 
The  effects of long trains  and of increased frequency of stimulation  on the 
late after-potentials of two fibers are shown in Fig.  3.  In Fig.  3A there were 
~0 
mv 
4 
2 
0  o.4  o.8  t.2  ~.6  20  2.4 
Seconds 
FIGURE 9.  The means of the late after-potentials  of the fifteen fibers in Table I  after 
having been plotted on a separate normalized time scale for each so that the distance 
along the abscissa was the same between 6 and 3 mv. It was assumed that this distance 
corresponded to 294 msec.,  the mean half-time  in Table I. The depolarization at  100 
msee. intervals on the common time scale was read from the graphs and the mean of 
those at each time was plotted for this figure. The bars indicate twice  (i.e.,  -4-)  the stand- 
ard error of the mean. The dotted portion shows the range of the normalized late after- 
potentials.  The half-time of this mean curve is 240 msec. because it is the time required 
for the fall from 6 to 3 mv measured from the final, not initial,  resting potential. 
eleven impulses  at  10 msec.  intervals,  while in part B  of this figure the train 
was lengthened to nineteen impulses at 10 msec. intervals. The peak amplitude 
of the late after-potential increased from 9.9  mv to  13.0 mv with the longer 
train.  The transient dip in  the  time course of the late after-potential in  Fig. 
3B  is  of a  sort  that  generally occurs with  excessive movement.  Twenty-two 
impulses  at  5  msec.  intervals  produced  the  recording  in  Fig.  3C;  the  peak 
amplitude  of the  late  after-potential was  12.7  mv and  the transient  dip was 
not present. 
Another type of variation from a  smooth repolarization that was frequently 
observed was a  plateau,  or slow hump, at the peak of the late after-potential, 
such  as  that  in Fig.  3D.  An  increase in  the length of the  train,  as shown  in FREYC-ANG, GOLDSTEIN, AND  HELLAM  Late After-Potential in Muscle  935 
Fig. 3E, made the slow hump more prominent but the peak amplitude of the 
late after-potential was almost unchanged. Similarly, an increase in the fre- 
quency of impulses, as shown in Fig. 3F, had little effect on the slow hump of 
peak  amplitude.  A  long  train  at  the  increased  frequency raised  the  peak 
amplitude and  introduced a  sharper  hump into the recording,  as  is shown 
in Fig. 3G.  Sharp humps are frequently found when the muscle movement is 
fklmm,m, 
_.  _. 
I  25  mv 
I00  mv 
I  ....  : 
I  SeC, 
G  ~IrlIlllllfWllIllllmm,H 
FIOURIg 3.  Late after-potential following the trains of longer duration and of higher 
frequency than those in Fig.  1.  Muscle in Ringer's fluid. Impulses are either 5  or  10 
msec.  apart.  Time scale  refers  to upper trace.  Gain 4  times greater for upper trace. 
Parts A-C obtained from fiber 1 of muscle f, parts D-G from fiber 6 of muscle e (Table 
I). 
excessive. The slow humps in Fig. 3D, E, and F also may be artifacts of move- 
ment; if so, they were the variety of artifact that was encountered most often. 
Also, the slow humps appeared after subsequent trains of impulses while the 
sharp humps appeared much less consistently. It was our impression that they 
occurred in fibers that did not have excessive movement. Slow and rapid small 
passive  movements of the  sartorius  caused  no  change  in  the  recording  of 
membrane potential; large movements caused a  rapid loss of potential.  The 
time course of "movement artifacts," or that of the late after-potential, could 936  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  •  1964 
not be produced this way. Sharp humps of the sort in Fig. 3G, however, could 
be  produced by movement of the flexible tip  of the pipette  relative to  the 
fiber.  Unfortunately, a  way to determine definitely whether or not the slow 
hump is caused by movement is not apparent. The addition of 2 rnM of NiC1, 
to  Ringer's  fluid,  or replacement of intracellular  potassium with rubidium 
by the method of Adrian  (1963),  removed the late  after-potential but  did 
not change the amount of movement that we observed.  It is,  therefore, un- 
likely that  the  after-potential  is  caused  by  movement. 
A  B 
I 
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FIGUm~  4.  Interaction  between  impulses and  hyperpolarization.  Muscles in  half- 
chloride solution. The upper trace has the higher gain and slower sweep speed. 
THE  EFFECT  OF  AN  IMPULSE  ON  HYPERPOLARIZATION 
The  theoretical model  of Adrian  and  Freygang  (1962  a)  is  an  attempt  to 
explain the slowly rising hyperpolarization which they observed during the 
application of a constant inward membrane current. Fig. 4A is the same kind 
of experiment as their Fig.  6.  The muscle was immersed in the half-chloride 
solution  to  accentuate the  slowly rising  hyperpolarization,  as  described by FREYGANG, C.-OLDSTEIN, AND HELLAM  Late After-Potential in Muscle  937 
Adrian and Freygang  (1962  a).  Two pulses of inward current are  applied. 
When  the first pulse is  larger  than  the second,  the slow increase in  hyper- 
polarization seen during the first pulse is not seen during the second one unless 
the interval between pulses is prolonged. In Fig. 4A the  interval between the 
pulses  is  too  short for the membrane potential  to  return  to  the resting po- 
tential  in  the  time  between  pulses.  The  upper  trace  displays  the  hyper- 
polarization  produced by the two pulses of current.  The lower trace shows 
membrane potential  at  lower gain  and  faster sweep  speed during the time 
between the two pulses. The sharp upward and  downward deflections in the 
lower trace of Fig. 4A are the turning off of the first pulse and the turning on 
of the second.  Parts B,  C,  and D  of Fig. 4  illustrate  the effect on the second 
hyperpolarization  of one,  two,  and  three  action  potentials  that  follow  the 
first pulse. Their effect is to restore the slow rise in  hyperpolarization which 
occurs during the first pulse of inward current.  R.  H.  Adrian  (unpublished 
FIGURE  5.  Interaction  between  impulses 
and  hyperpolarization.  Muscle in quarter- 
chloride  solution.  Two  sweeps  have  been 
superimposed. The more  slowly developing 
hyperpolarization  followed  nine  impulses 
which occurred at  10  msec.  intervals.  The 
fiber did not respond to the  first  stimulus 
of the train. The more  rapidly developing 
hyperpolarization was not preceded by im- 
pulses. 
~(  50  my 
I  '"  I  sec. 
observation) has performed the experiment of Fig. 4 in a chloride-free Ringer's 
fluid. His result was similar to that described here. 
The slow rise in hyperpolarization during the first pulse was explained as 
being  the  result  of potassium  depletion  in  compartment  2  of the  model. 
Absence of the  slow rise  during  the  second  pulse  that  closely followed  the 
first was taken to indicate that there was insufficient time between the pulses 
for the lowered potassium  concentration in  compartment 2  to  return  to  its 
initial level before the onset of the second pulse. It seems reasonable, therefore, 
to suppose that the effect of an action potential  that is  placed  between the 
pulses is to cause a rapid rise in the potassium concentration in compartment 
2.  If this  explanation  is  correct,  it follows that  a  rise in  the potassium  con- 
centration in compartment 2 might also be the cause of the late after-potential. 
The effect of a pulse of inward current that follows a train of impulses should 
be to  produce a  more pronounced slow rise in  hyperpolarization  than  that 
which  occurs  without  a  preceding  train.  The  potassium  concentration  in 
compartment 2 would be at a higher level than in a resting fiber at the time of 
onset of the pulse of current, but would return during the flow of the hyper- 938  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  "  1964 
polarizing current to the same level it would arrive at without having been 
preceded by a  train of impulses. Fig. 5 illustrates that the slow rise in hyper- 
polarization is more pronounced when the pulse of current is preceded by a 
train of impulses. 
Theoretical Section 
DESCRIPTION  OF THE MODEL 
The properties  of  the model of  Adrian and Freygang (1962 a) are  represented 
in  Fig.  6. The model consists  of  three  compartments which are the extracellu- 
OUTSIDE  (I) 
Cl 
I-3 membrane  /~ 
i,-  .............  11 
Cl  Na  K  ~--- 
c, 2 
~/.4SARCOPLASM  (3) 
FIGURE  6.  Diagram of the theoretical model. 
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INTERMEDIARY 
SPACE 
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lar fluid (1), the sarcoplasm (3), and an intermediate space (2) which may be 
the tubular  system, the middle part of the triads  (intermediary vesicles) in 
the sarcoplasmic reticulum. It is assumed that the 1-9 membrane is permeable 
only to  sodium and  potassium and  that  the movement of these ions is de- 
scribed by constant field equations with fixed permeability coefficients. Both 
the  1-2  and  2-3  membranes are  assumed  to  be relatively  impermeable  to 
anions. This assumption implies that the volume of compartment 2 will not 
change significantly during the flow of current through it. The 2-3 membrane 
is only permeable to potassium and its constant field permeability coefficient 
depends upon the potential difference across this membrane in such a  way 
that it has the property of anomalous rectification, i.e. it has a low permeability FREYGANG, GOLDSTEIN, AND  HELLAM  Late After-Potential in Muscle  939 
for  potassium  movement from  3  to  2,  but  relatively high  permeability  for 
potassium  movement in  the  other  direction.  Muscle  membrane also  shows 
an increase in potassium permeability for depolarizations greater than about 
20 mv (Jenerick,  1959) which is called delayed rectification (Hodgkin, Hux- 
ley,  and  Katz,  1949).  Adrian  and  Freygang  (1962  a,  b)  arbitrarily  placed 
delayed rectification in  the  1-3  membrane,  but if  the late  after-potential  is 
caused  by  an  increase  in  the  potassium  concentration  in  compartment  2, 
it may be necessary that some of the delayed rectification be in the 2-3 mem- 
brane,  as will be discussed later.  The presence of delayed rectification in the 
2-3  membrane does not  alter  the  values  for  potassium  permeability  coeffi- 
cients that are employed in these calculations, or those of Adrian and Frey- 
gang (1962 a),  because these calculations are confined to conditions at which 
the 2-3  membrane is not depolarized sufficiently for delayed rectification to 
appear.  It does, however, limit the calculation of the late after-potentials to 
those  of  low  amplitude.  Empirically  derived  permeability  coefficients  as 
functions of depolarization and time are not available in the region of delayed 
rectification. 
Adrian  and  Freygang  (1962  a)  confined their  calculations  to  a  chloride- 
free system,  but  assumed  that  the  movement of chloride  took  place  across 
the 1-3 membrane. Since chloride is present in the experiments described here, 
we have allowed chloride to move across the  1-3 membrane in  accord with 
the  constant  field  equation  with  a  fixed  permeability  coefficient.  Hodgkin 
and Horowicz  (1959  b)  found that there was less variation between fibers in 
this  permeability coefficient than  in  chloride  conductance. 
The notation  and conventions employed here are the same as those used 
by Adrian and Freygang (1962 a). v is the volume of compartment 2 in cm3/ 
cm  2 fiber surface.  V12 is the potential  of 2 with respect to  1; 01  =  VI~F/RT. 
V23 is the potential of 3 with respect to 2; 02  =  Vs3F/RT.  VI3 is the potential 
of 3  with respect to  1; 03  =  VI3F/RT.  I~,  I~  a,  I~,  and  ~  are the currents 
carried by potassium, sodium, and chloride across the respective membranes 
in  amp/cm  2 fiber surface.  Current  is  positive when it flows from  1 to  3  or 
from  1 to  2  to  3.  P~2, P12  a,  P~,  and  pC)  are  the  permeabilities  of the  three 
membranes to potassium,  sodium, and chloride in cm/sec.  P~,  P~2  ~,  and/~1 
are constant; P~ is a function of V23. A12, A23, and A13 are the areas of the three 
membranes in  cm2/cm  2 fiber surface.  A~3 is  almost unity. 
Let 
A1,P~12 =  P~, 
A23P~ =  PK, 94  °  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  "  1964 
and 
A13PlCs  l  =  PCl- 
From the constant field assumptions, 
I X13 =  P~FOx  [K1] -- [K21 exp (01) 
exp (01) --  1 
lIT  =  PN,F01' [Nad  --  [Na2] exp (01) 
exp (01) --  1 
(1) 
(2) 
I3~  =  PKF03  [K3I -  [Ks] exp (02),  ( 3 ) 
exp (02) --  1 
c~  [Cll1 --  [C131 exp (--03) 
I13  =  PcIFO~ 
exp (--03)  --  1 
Other  equations  which  can  be  written  from  inspection  are  as  follows:- 
(4) 
Vn  =  V12 +  V3,,  (5) 
-IxC~ =  I~  =  Ix~ -J-I~  a,  (6) 
d[K3]  I K  I X  12 --  28 
-  (7) 
dt  vF 
Equation  7  implies rapid  mixing in  compartment  2.  If compartment  2  cor- 
responds  to the tubular  system one would expect gradients of concentration 
and potential and the assumption of rapid mixing is an obvious deficiency in 
the model. 
STANDARD  VALUES  OF  THE  PARAMETERS 
The  standard  values of the parameters  employed here,  which  are  the  same 
as  those used  by Adrian  and  Freygang  (1962  a),  are  as follows:-- 
P~  =  18  X  10  -6 cm/sec. 
P~  =  0.9  X  10  -6 cm/sec., 
and 
v =  3.5  X  10  -6 cm3/cm  2 
The  value of Pc~  obtained  by Hodgkin and  Horowicz  (1959  b)  was  4  X 
10 -6  cm/sec.,  but  Adrian  and  Freygang  (1962  a)  estimated  a  somewhat 
lower value.  The  standard  value of Pcl  is  taken to  be  3  X  10  -e  cm/sec,  in 
these calculations. FREYGANG,  GOLDSTEIN,  AND  HELLAM  Late After-Potential  in Muscle  941 
P~ as a  function of V2~ is given in Table  II. These values were obtained by 
drawing  a  smooth  curve  through  a  plot  of  the  data  in  Tables  8  and  9  of 
Hodgkin  and  Horowicz  (1959  b).  These  data  were  chosen  rather  than  the 
curve in Figs.  16 and  21  of Adrian  and  Freygang  (1962  a),  which has  a  less 
steep rise  in PK  with  hyperpolarization,  because  the  curve was  drawn  from 
data that were obtained from only one fiber. 
A  second way to determine PK is as a  function of (V23 -E~)  in which E~  is 
the equilibrium potential for potassium movement  across the 2-3 membrane. 
It  may  be  that  the  anomalous  changes  in potassium permeability  are  more 
closely related to  the magnitude  and  direction of the driving force on potas- 
TABLE  II 
PK AS A  FUNCTION OF V~ 
V~  PK  V~$  PK  V~8  PK  V.  Pz: 
--28  1.70"i0  -8  --56  3.80"10  -7  --84  1.50.I0  -s  --112  4.95-10  -o 
--30  2.49.10  -8  --58  4.30" 10  -7  --86  1.65.10  -e  -- 114  5.30" 10  -6 
--32  3.25.10  -8  --60  4.80"10 -7  --88  1.85.10  -6  --116  5.70-10  -8 
--34  4.50"10 -a  --62  5.50.10  -~  --90  2.00.10  -8  --118  6.20.10  -n 
--36  5.90"10 -8  --64  6.00.10  -~  --92  2.20.10  -8  --120  6.70-10  -8 
--38  7.50.10  -8  --66  6.50"10 -7  --94  2.40.10  -8  --122  7.20.10  -8 
--40  9.70-10  -8  --68  7.00.10  -7  --96  2.60.10  -8  --124  7.70.10  -6 
--42  1.20"  10  -~  --70  7.60.10  -~  --98  2.80.10  -n  -- 126  8.20.10  -8 
--44  1.50.10 -7  --72  8.40.10  -7  --lO0  3.00-10  -8  --128  8.85.10-n 
--46  1.90"10  -7  --74  9.20.10  -7  --102  3.30.10  -8  --130  9.50.10  -6 
--48  2.20.10  -7  --76  1.00.10  .6  -- 104  3.55-10  -8  -- 132  1.02"  10  -6 
--50  2.60' 10  -1  --78  1.10.10  -6  -- 106  3.86.10  -8  -- 134  1.08"  10  -5 
--52  3.00" 10  -7  --80  1.20" 10  -6  -- 108  4.20- lO  -8  -- 136  1.15"  lO-n 
--54  3.40.10  -7  --82  1.33"10  -6  --110  4.60.10  -6  --138  1.21.10  -5 
sium ions than  to  the  magnitude  and  direction of the  membrane  potential 
(Hodgkin and Horowicz,  1959 b). In the calculations that employ this method 
of determining  Px,  P~  was  taken  to  equal  2.2  ×  10  -~  cm/sec,  when  V2a- 
E~  was  zero.  The  values of Px  corresponding to  successive 2  mv  changes in 
V23-E~ from zero are listed in Table  II with P~ decreasing for positive values 
ot  V23-E~;  i.e.,  depolarization of the 2-3 membrane.  Thus  the  2-3 membrane 
is  always  less  permeable  to  the  flow  of  potassium from  compartment  3  to 
compartment  2  than  it is for flow from 2  to  3. 
The  concentrations in  compartment  1,  which  is  Ringer's fluid,  that  were 
chosen  are  as  follows:-- 
[Kz]  =  2.5 mM, 
[Nal]  =  117.5 mM, 942  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  "  1964 
and 
[Cli]  =  120 mM. 
The  concentrations  in  the major  part  of the  sarcoplasm,  compartment  3, 
were  chosen  as  follows:-- 
and 
[K3]  =  137  mM, 
[C13]  =  2.9 mM. 
The  total  concentration  of  anions  in  compartment  2  was  120  mM  at  all 
times. 
METHOD  OF  CALCULATION 
An  initial  concentration  of potassium  in  compartment  2,  [Ks],  was  chosen. 
The  choice  was  arbitrary  and  usually  20  mM  since  this  value  produced  a 
sufficient  depolarization  of  the  1-3  membrane.  The  sodium  concentration 
in this compartment is always equal to the difference between the concentra- 
tion  of anions,  [As],  and  of potassium,  or 
[Na2]  =  EA2]  -  EK2]  (8) 
since the  1-2  and  2-3 membranes  are assumed to be impermeable to  anions. 
A  trial value of V23 was chosen and Ig, which is equal to  -~,  was calculated 
by  means  of equation  (3).  V13 was  determined  by  a  numerical  solution  of 
equation  (4), and  V12 was available with the use of equation  (5). By means of 
equations  (1) and  (2), I~ and I~  ~ were then obtained.  Their sum is I~, equa- 
tion  (6),  and  this  value  was  compared  with  the  value  of I~  that  was  cal- 
culated from the initial  assumption  of V~3. A  better guess of the value of V28 
could  then  be made  and  so forth,  until  the  trial  I~  equaled  the calculated 
value  to  the  fourth  figure.  These  calculations  were  performed  on  a  digital 
computer. 
After this calculation was performed for a value of [K2], it was assumed that 
the currents were constant for a  period of 5  msec. With this assumption  and 
equation  (7)  a  new value of [K2~ was calculated.  The whole calculation  was 
then repeated for the new value of [K2~. This was repeated until the value for 
Via  changed  by  less  than  0.05  my. 
RESULTS OF  CALCULATION WITH  STANDARD PARAMETERS 
The  results  of the  calculation  that  employed  the  standard  parameters  are 
shown in Fig. 7. Values of PK were determined by V~a alone in this calculation. FREYGANG, GOLDSTEIN, AND HELLAM Late After-Potential  in Muscle  943 
The initial [K2] happens to be 33.3 rnu in this figure. For larger initial values 
of [Ks],  V13  became closer  to  the resting potential, which was  -96.52  inv. 
When [Ks] was 100 mM, for example, V13 went to  -92.36 my. The peak value 
of the slow hump in V13 is a  change of 8.7 my. 
As  [K2]  falls with time,  sodium moves from compartment  1 to  compart- 
ment 2, and potassium moves in the opposite direction. This exchange across 
the  1-2 membrane is the major cause of the tall of [Ks] with time since these 
currents are ten times larger than 1~.  Eventually/12" falls to zero.  Since the 
mv 
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FIGURE 7.  Flow  of current, change in membrane potentials, and fall of [K~] with time 
calculated from the standard parameters. An initially high value of [Ka] was assumed. 944  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  47  •  1964 
sodium permeability of the  1-3  membrane  has  been neglected in the model, 
the inward  movement of sodium in  a  resting  muscle  fiber  is  not  accounted 
for by the model. The decreasing potassium flux from compartment 2 to com- 
partment  1 reaches a  final value of 0.32  #amp/cmL  or  3.3  pmoles/cm~.sec. 
This value is greater than the net potassium efflux from a single fiber measured 
by Hodgkin and  Horowicz  (1959 a).  As will be shown later,  lower values of 
I~ are obtained with the choice of a  lower [C18] or lower [K3]. 
The direction of potassium movement across the 2-3 membrane  is initially 
from compartment  2  to compartment  3,  but when  [Ks] falls below 3.76 mM 
the flow reverses its direction.  At long times I~ is the same as I~. 
If PK had  been  a  function  of V23-E~ in  this  calculation,  the  curves of I~" 
and I x  in Fig.  7 would be slightly steeper and those of I~ and  V13 would lose 
their plateaus. 
COMPARISON  BETWEEN  THE  CALCULATION  WITH  STANDARD  PARAMETERS 
AND  T~.  LA~  AFaR-POTENTIAL 
In Fig. 82% the calculated effect of an elevated [Ks] that is illustrated in Fig.  7 
is  compared  with  three  late  after-potentials  that  were  obtained  from  three 
muscles.  The  late  after-potentials  that  were  chosen  had  the  same  half-time 
(0.33 see.) as the computed result.  The after-potentials  do not decline quite 
as rapidly as  VI~ does during  the last 2 mv of the depolarization,  but for de- 
polarizations of less than  7 my the curves are similar. 
For depolarizations  larger  than  7 mv the calculated  V13 diverges from the 
late  after-potentials  to form  a  hump  similar  to  those that  were occasionally 
found experimentally  (Fig.  3D,  E,  and  F).  The divergence might  be caused 
by  some  delayed  rectification  remaining  in  the  2-3  membrane  until  this 
membrane  is  sufficiently  repolarized,  or  possibly  remnants  of  the  early 
after-potential  might  be the cause of the steeper experimental  results. 
No  account  is  taken  of longitudinal  flow of current  in  the  calculation.  Since  the 
conduction velocity in frog sartorius  muscle fibers  is  2  to  3  m/sec.  (Buchthal  and 
Sten-Knudsen,  1959),  or  about  a  space  constant  per  millisecond,  one  would  not 
expect appreciable spread of current during the late after-potential.  It was thought 
not impossible, however, that the velocity of the last impulse of the train  was suffi- 
ciently slow to cause a significant amount of longitudinal flow of current during the 
late  after-potential.  This  possibility  was  examined  in  one  experiment  in  which 
simultaneous recordings were made from two impalements that  were  25  mm  apart. 
The  conduction velocity was  2.5  m/sec,  for all  but  the  first  of  a  train  of  eleven 
impulses at  10 msec.  intervals; the first  impulse travelled at 2.3 m/see.  Therefore it 
does not seem likely that the divergence between the calculated result and the late 
after-potentials  at  depolarizations  greater  than  7  mv in  Fig.  8A can  be attributed 
to a slowed conduction velocity. FREYGANO, GOLDSTEIN, AND  HELLAM  Late After-Potential in Muscle  945 
If P~r is determined as a  function of V~3-E~ and all the other parameters are 
kept at the standard values,  V13 falls more rapidly with time, as is illustrated 
in Fig.  8B.  The half-time is  0.23  sec.  A  comparison with two late  after-po- 
tentials with similar half-times is made in Fig.  8B.  The divergence between 
the calculated and experimental results for depolarizations greater than 7 my 
in Fig. 8A is not present when P~ is a function of V23-E~. 
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FIOURE 8.  Part A, fall of Vls with time computed  from the standard  parameters  with 
P~r  a  function  of  V23  and  compared  with  three  late  after-potentials  listed  in  Table  I 
that  have  the  same  half-time.  The  membrane  potential  at  the  end  of the  late  after- 
potential is taken as the base line. The experimental data are from fiber 3  of muscle c, 
fiber 1 of muscle d, and fiber 1 of muscle f. 
Part B, fall of V13 with time computed from the standard  parameters with P~r a  function 
E K  of V~-  33 and compared with two late after-potentials listed in Table  I  that  have simi- 
lar  half-times.  The  membrane  potential  before  the  train  of impulses  is  taken  as  the 
base line. The experimental data are from fibers 2 and 3 of muscle e. 946  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  •  x964 
EFFECT OF  ALTERING PARAMETERS IN  THE  CALCULATIONS 
One  wonders what  the relative importance is  of the  parameters  that were 
chosen in the standard calculation in order to determine how critical is the 
choice of their values. It is obvious from equation (7)  that the time scale will 
be directly proportional to the value of v that is chosen. The effect of altering 
the other parameters is less easily seen unless the calculations are performed. 
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FIGURE 9.  Effect  of altering Pc, or [C13]  on the fall of Vz~ with time. Initial value  of 
[K~] is 20 mM. PK is a function of V~ alone. 
Adrian (1961)  estimated the internal chloride concentration to be between 
3.1  and 3.8 mM. A  value of 2.9 mM was assumed in the standard calculation. 
When [C13] is made equal to 3.2 raM, as is shown in Fig.  9,  V13 is altered in 
such a way as to make it more like the late after-potentials plotted in Fig. 8A 
in the range below 2 mv depolarization because it is a  bit less steep than the 
standard calculation. The 1.6 mv difference in resting potential is well within 
the variation between experiments. The product of [K1] X  [Cl1] is 300.  When 
I~  is  zero,  the  balanced state of Conway  (1957),  [Ks]  is  the same  as  [K1]. 
Since [K3] is  137  raM, [C13] is 2.2 mM in the balanced state. As [C13] is raised 
above this value the loss  of potassium and chloride from compartment 3  of 
the  model  is  increased  in  the  steady state.  The  steady  state  is  defined  as 
dI~/dt equal to zero (Conway, 1957).  When [C13] is 3.2 mM, I~ is  -0.4 t~amp/ 
cm  ~ in the steady state; it was  -0.3  /~amp/cm  2 when [C13] was 2.9 raM, the 
standard value.  These values of 1~  are greater than the results obtained by FREYOANO,  C-OLDSTEIN, AND  HELLAM  Late After-Potential  in Muscle  947 
Hodgkin  and  Horowicz  (1959  a)  in  their measurement of the net efflux of 
K 42 from a single fiber, which was less than 0.1  ~amp/cm  ~. The effect of hav- 
ing [C13] at 2.6 mM is also shown in Fig. 9. I1~ was reduced to  -0.2 #amp/cm  2 
in the steady state. 
The result of halving and doubling Pc1  is  also shown in Fig.  9.  It is clear 
from these curves that  such changes in Pc~  do not bring  the decline of V18 
with  time  closer  to  the  late  after-potential.  Halving  or  doubling  either  PK 
or  P~a  (Fig.  10)  also  does  not  bring  V~3  closer  to  the  late  after-potential. 
These alterations cause the greatest change in the computed results of all the 
alterations in parameters that we have examined. This can be accounted for 
by the relatively large magnitude of the exchange of potassium for sodium 
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Fiotrav. 10.  Effect of altering PK or P~ on the fall of V13 with time. Initial  value of 
[K~] is 20 m~,i. P~= is a function of V~8 alone. 
across the 1-2 membrane in comparison to the flow of current across the other 
two membranes. 
Fig.  11  shows the effect of halving and doubling the permeabilities of the 
2-3 membrane that are listed in Table II. Again none of these changes bring 
V.  closer to  the late  after-potential.  Also  shown  in  this  figure is  the result 
of changing [K3]  to  120  m~.  The major effect is  to change the steady-state 
value of F18 to  -95.2 mv. The change in F18 with time is a little closer to that 
of the late after-potential than is the standard calculation; it is very close to 
the change in  V13 with time when  [C13] is  3.2  mM.  The steady-state I~  was 
-0.17  pamp/cm  2 when [K~]  was  120  raM,  about  half the potassium loss of 
the standard calculation.  The internal potassium concentration of the single 
fibers from which Hodgkin and Horowicz (1959 a) estimated potassium effiux 
was  103 and  129 mM. From these results one would expect that if their fibers 948  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  •  T964 
had  had  a  higher  internal  potassium concentration  their  estimate of net po- 
tassium  efflux would have  been closer to  that  calculated  from the  standard 
parameters. 
EFFECT  OF  CHANGING THE  POTASSIUM  CONCENTRATION IN  COMPARTMENT  l 
Hodgkin and  Horowicz  (1960)  reported an asymmetry between the on- and 
off-effects of increased potassium concentration  in the fluid in which a  single 
muscle fiber was immersed.  This effect on membrane potential was too great 
to  be explained  by the  logarithmic  relation  between potential  and  concen- 
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FIGURE 1  l.  Effect of altering -PK or [K3] on the fall of V13 with time. Initial value of 
[K~] is 20 rr~.  P~r is a function of V28 alone. 
tration.  The theoretical model should show such an asymmetry in  Vs3 during 
a  rise  and  fall  in  [Ks].  The  conditions  of part  E  of Fig.  6  of Hodgkin  and 
Horowicz  (1960)  were  chosen  because  they  most  closely  fit  our  standard 
parameters.  They estimated  the  minimum  volume  of the  "special region," 
which corresponds to compartment  2,  to be a  fraction  0.0029 of the volume 
of the fiber in this experiment.  The diameter  of the fiber was  119 #.  There- 
fore,  a  valueofv  of 8.63  X  10-6cm3/cm2  ( l19X  10~4  X  2.9  X  10  4) 
was chosen for this calculation.  When  [K1]  was increased to  I0 mM from 2.5 
raM,  [Nas]  was reduced  from  117.5  mM  to  110  mM.  The  value  of [Cls]  was 
120 mM at all times. A  value for [Cls] of 4.2 mM was chosen to yield a  resting 
potential of -94  my when Pc1 was  1 ×  10 -6 em/sec. This rather low value of 
Pc], which, however, is not beyond the boundaries of experimental  variations, FR~vo.~o,  GOLWSTEm, AND  HELLAM  Late After-Potential  in Muscle  949 
was necessary to produce a  sufficient change in Vls with changes in [K1]. The 
chloride  permeability of this  fiber was  found by  experiment to  be  3.8  X 
10  -s  cm/sec. 
The  result  of the  calculation  is  drawn  in  Fig.  12.  The  closeness  of  the 
magnitude of the calculated change in  V13  to  the experimental one can  be 
attributed to the choice of Pc~- The time course of the calculated change in 
V~3  is  faster  than  the  experimental result.  The  experimental curve did  not 
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illustrates the calculated result when PTr was a function of V= alone, and the dot-dash 
line illustrates the calculated result when ?K was a  function of V= -  E~. 
return to the initial resting potential because a  rise in [C13] occurred during 
the exposure to the  10  m~t potassium solution,  but such a  rise in  [Cla]  was 
not taken into account in the calculations• Despite these differences, an asym- 
metry is found in the calculated result. 
DISCUSSION 
In the description of the theoretical model in  previous papers  (Adrian  and 
Freygang,  1962  a,  b),  it was assumed that delayed rectification was confined 
to the 1-3 membrane and that anomalous rectification was a property of only 
the 2-3  membrane. This assumption was not made for any experimental or 
theoretical reason; it was arbitrary. It may be necessary to allow at least part 95  °  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  •  I964 
of the  delayed  rectification  to  be  in  the  2-3  membrane  and  to  assume that 
the delayed rectification in the 2-3 membrane outlasts the early after-potential. 
Experimental  evidence  that  a  time  longer  than  a  second  is  required  for 
delayed  rectification  to vanish is found in  the report of Nakajima,  Iwasaki, 
and Obata  (1962).  The reasons for considering this change in the model are 
as follows :-- 
1.  Peak amplitudes greater  than  the  maximum  depolarization  predicted 
by the model with PK a function of V~3 alone (8.5 my) are found experiment- 
ally.  If the 2-3 membrane retained a  permeability greater than  that specified 
by  Table  II  at  the  end  of the  last  early  after-potential,  the  1-3  membrane 
would be depolarized by an amount greater than that which was calculated. 
It may be, however, that some fibers do not retain  an appreciably increased 
permeability because some fibers showed a slight hump at the start of the late 
after-potential.  An example of this is in Fig.  3D,  E, and F.  It is possible that 
peak amplitudes greater than 8.5  mv are the result of Px being a  function of 
V23 -  E~  and not of V23 alone.  The data shown in Fig.  8B support this view. 
The slight hump at the start of the late after-potential,  however,  is not found 
when  the  calculations  are  done  in  this  way. 
2.  Unless v is much smaller than 3.5  X  10  -" cm3/cm,  2 it may  be difficult 
to increase [K2] sufficiently during the time of the  train  of impulses and  the 
early  after-potential  without  postulating  some  delayed  rectification  in  the 
2-3 membrane. For an 8 mv depolarization  (V13  =  -88.5  mv), for instance, 
[K2]  is  15  mM while the steady-state  [K2]  is 2.7 mM  (Fig.  7).  During a  train 
of impulses of 0.1  sec.  duration  [K~]  should increase by 12.3 rnM.  If I~ were 
constant during this time and I~ were negligible, I~ would be  -41.5  gamp/ 
(_12.3  X  10-3X3.5  X  10-gX96,S00)  if the value of v were the stand  -  cm2  0.1 
ard  one of 3.5  X  10  .9 liter/cm  2.  The same sort of calculation  can be made 
from the  recordings  shown  in  Fig.  4B.  By  comparing  this  figure  with  Fig. 
19 of Adrian and Freygang  (1962 a),  it is estimated that the action potential 
between  the  two  pulses of inward  current  altered  [K2]  by  at  least  1 mw in 
the  30 msec. between pulses.  Again if I~ were constant during this period it 
would  have  been  -11  /~amp/cm~( 1 x  10-3 X  3.5  X  10  -9  X  96,500~ 
\  30 X  10  .3  ] 
These  estimates  of mean  values  of I~  seem improbably  high for  flow from 
compartment 3 to 2 because of the anomalous rectification present in the 2-3 
membrane.  If PK is taken as a function of V23 alone, the depolarization of the 
2-3 membrane produced by the action potentials and the early after-potential 
should make  this  membrane  quite  impermeable.  If PK is  a  function of  V2r 
E~,  on the other hand,  smaller increases in  [K~]  would be sufficient to pro- 
duce the late  after-potential.  For example,  an  8  mv  depolarization,  again, 
would require  a  rise  of only  5.3  mM and  a  mean  I~  of  --17.9  #amp/cm 2 FREYGANG, GOLDS'rEIN, AND HELLAM  Late After-Potential  in Muscle  951 
5"3  X  10  -3 X  3.5  X  10  -9 X  96,500'~ 
Again such  large flow of  /  a  potassium from  0.1 
compartment  3  to  2  seems  unlikely without  some  delayed  rectification  in 
the 2-3 membrane. 
If [Ks] rises to 15 mM at the peak of the late after-potential, the extra amount 
of potassium  in  compartment  2  is  43.1  pmoles/cm  ~  ([15-2.7]  X  10  -3  × 
3.5  X  10-9). A small part of this extra potassium will return to compartment 
3.  Taking the area under the plot of 1~  vs.  time in Fig.  7  that extends from 
I~ at [Ks]  =  15 mM  (0.76 uamp/cm  2) to Ig  =  0, one calculates 3.2 pmoles/ 
cm  2.  Therefore 40 pmoles/cm  ~ (43.1  -  3.2)  of the extra potassium in com- 
partment  2  goes to compartment  1.  For  ten impulses the amount of potas- 
sium that  moves to the immersion fluid  is 4  pmoles/(cm~.impulse) less  the 
steady-state net potassium efflux over a  10 msec. period, which is negligible. 
Hodgkin and Horowicz  (1959  a)  estimated the net exit of potassium as  9.6 
pmoles/(cm2.impulse).  To  account  for  this  amount  one  would  have  to 
allow some delayed rectification to occur in  the  1-3  membrane. 
One  wonders whether some other  system,  not  a  three  compartment one 
such  as  is  considered here,  might  be  described  by  the  same equations  and 
empirically derived parameters.  Also,  one wonders whether compartment 2 
is in  the tubular system of the sarcoplasmic reticulum.  Some of our experi- 
ments, which are not yet published in detail, help to answer these questions. 
The  addition  of sucrose to Ringer's  fluid  reversibly prolongs  the late  after- 
potential and also reversibly enlarges the tubules of the sarcoplasmic reticu- 
lum (Hellam, Goldstein, Peachey, and Freygang, 1963).  These results suggest 
that v is the volume of the tubules per unit area of surface membrane. 
The  approximation  of experimental results  by the model does not justify 
the  assumptions  that  are  incorporated  in  the  model,  nor does  it  make  the 
assumptions  more  or  less  outrageous.  The  important  assumptions  are  (a) 
the presence of an intermediary space  that  may be the tubules and  (b)  the 
presence of anomalous rectification in the 2-3 membrane. To these we have 
added the necessity of another pathway for potassium to move from the major 
part of the sarcoplasm to the intermediary space during the action potential. 
Received  for publication,  November 20,  1963. 
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